Background {#Sec1}
==========

Corneal dystrophy (CD) is a rare hereditary disease that severely damages visual acuity and is occasionally accompanied by symptoms such as pain, photophobia, and lachrymation, which severely affect patient quality of life. Genetic information is an important factor in diagnosis of corneal dystrophy, and it is now acknowledged that different mutation types of TGFBI gene can lead to different corneal dystrophy subtypes \[[@CR1]\]. Surgical treatments such as phototherapeutic keratectomy (PTK) and keratoplasty have been performed for CD patients. However, postoperative redevelopment of opacities in corneas has been frequently reported, especially among patients with some types of CD, such as Reis-Bücklers corneal dystrophy (RBCD) \[[@CR2]--[@CR9]\]. Compared with penetrating keratoplasty (PKP) or lamellar keratoplasty, PTK is less invasive and does not require a corneal graft; thus, it is more efficient for the treatment of CD patients who experience a high rate of recurrence \[[@CR10]\]. Previous research demonstrated that, in CD patients treated with PTK, best-corrected visual acuity considerably improved postoperatively \[[@CR11]--[@CR15]\]. Additionally, PTK is effective for treating CD opacities that redevelop postoperatively \[[@CR16]--[@CR21]\]. In patients experiencing a high rate of recurrence, treatment for CD should be performed multiple times. However, follow-up of CD patients treated with multiple PTKs longer than 10 years has rarely been reported. This study reviewed five CD patients from the same family with the R124L mutation of the *TGFBI* gene; all patients underwent multiple PTK treatments over 20 years. We report the outcomes, including safety and efficacy of the procedures, in these patients.

Materials and methods {#Sec2}
=====================

This study was performed with approval from the hospital's institutional review board. Informed consent was obtained from all subjects.

Study design and participants {#Sec3}
-----------------------------

This is a retrospective study reviewing medical and genetic records of corneal dystrophy patients who received repeated PTK treatments during approximate 20 year. Inclusion criteria included: 1) patients diagnosed with corneal dystrophy with typical opacities limited in superficial cornea; 2) patients accepted more than 2 times of PTK on one eye. Exclusion criteria included: 1) inflammatory or traumatic ocular diseases; 2) systemic diseases involving corneas; 3) follow up time less than 15 years or significant loss of data. With a focus on the period between 1 January 1996 and 31 December 2017, medical and genetic records of five patients (10 eyes) from a Han Chinese family in Shanghai diagnosed with CD undergoing PTKs were reviewed.

These patients were diagnosed with CD based on impaired vision, occasional pain, and characteristic opacities in corneas under the slit-lamp microscope. Figure [1](#Fig1){ref-type="fig"} shows the family tree. All patients described in this study were identified based on serial numbers in this family tree (I2, II1, II3, II5, and III1); I2 was the proband of this family. Fig. 1Family tree. I2, II1, II3, II5, and III1 were the 5 patients with corneal dystrophy enrolled in this study

Genetic analysis {#Sec4}
----------------

Patients II1 and III1 were tested for the *TGFBI* gene by Sanger sequencing during follow-up. The patients' whole blood was obtained; anticoagulant tubes were used for storage and transportation of the blood samples. Total RNA extraction of the peripheral blood leukocytes was completed using TRIzol Reagent (Invitrogen, USA) according to the manufacturer's protocol. Reverse transcription was performed using the Transcriptor First Stand cDNA Synthesis Kit (Roche, SUI). cDNA was amplified by the polymerase chain reaction (PCR) according to standard protocols. All exons of TGFBI were analyzed by Sanger sequencing. The primers were designed as Table [1](#Tab1){ref-type="table"}. The TGFBI reference sequence NM_000358.2 was used. Table 1Primers used in Sanger tests of TGFBI genePrimeForwardReverseTGFBI-1GTCGCTAGCTCGCTCGGTGCTCCCAGGGTCTCGTAAAGGTTTGFBI-2CTGTCCAGCAGCCCTACCACTTTGCATGGTGGTCGGCTTTTGFBI-3CTAATGGGATTGTAACTGTGAACTGCGTTGATAGTGAGCATGTCCCTGFBI-4GTGTGCTGAAGCCATCGTTGGGCCAGCTGGTCTTTAATTATGTTGFBI-5TCTGTATTCAAAGATGGAACCCCTAAAGACTGTGTAGACTCCTTCCCGTGFBI-6AAGGGAGACAATCGCTTTAGCATCTGAGGTCTGTTGGCTGGAGGTGFBI-7TCCATGTCATCACCAATGTTCTGTCTCCCTCCTCCCCCACATTGFBIQAAGGGAGACAATCGCTTTAGCATCCTCCGCTAACCAGGATTTCAT

PTK procedures, postoperative management, and follow-ups {#Sec5}
--------------------------------------------------------

According to medical records, the indication for PTK treatment was defined as best-corrected distance visual acuity (BCDVA) log of the minimum angle of resolution (LogMAR) \> 1.0, due to primary or recurrent opacities during follow-up.

All surgeries were performed with topical anesthesia. A 193-nm excimer laser was used for all PTKs (Carl Zeiss MEL80; Carl Zeiss, Jena, Germany). The optical zones of all PTKs were set in the range of 5.5--7.0 mm. An approximation of the depth of the corneal deposits was programmed on the computer. Ablation was performed on each eye to a depth of 80--100 μm; if required, an additional ablation of 10--60 μm was applied due to the irregularity of opacities. Alternatively, PTKs without epithelial ablation, but with epithelial flaps, were performed (procedures are presented in Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Phototherapeutic keratectomy (PTK) procedures. The images illustrate the subepithelial PTK surgical procedures. Top left: the corneal epithelium was immersed in 20% alcohol. Middle left: the epithelial flap was removed. Bottom left: Bowman's layer and stroma of the cornea were ablated with laser. Top right: the central zone of the cornea appears transparent after ablation. Middle right: the epithelial flap was repositioned. Bottom right: a bandage contact lens was applied

Bandage contact lenses were applied for 1 week postoperatively. Topical medicines, including antibiotic drops and nonsteroidal anti-inflammatory medication, were applied for 2 weeks. Patients returned regularly until significant recurrence (LogMAR BCDVA \> 1.0) required repeated PTK. The final long-term follow-up was performed 3--5 years after the last PTK for each eye.

Outcome measures and records of recurrence {#Sec6}
------------------------------------------

Routine ophthalmological records of all patients at baseline, before and after each PTK, and at the final visit were reviewed. Slit-lamp microscopy observation, BCDVA, and spectral-domain optical coherence tomography (OCT) (RTVue-100, Optovue; Fremont, CA, USA) results were analyzed. Corneal thickness after the last PTK and at the final visit was reviewed with the Pentacam system (Oculus Optikgeräte; Wetzlar, Germany) and OCT.

The number of PTK treatments for each eye was recorded, and the average time during which effective visual acuity was maintained (TEVAM) after each PTK was calculated. TEVAM was defined as the time required for the patient to experience regression, with an examination result of a LogMAR BCDVA \> 1.0 immediately after the last PTK. In particular, to increase the accuracy with respect to preoperative records, if a patient was diagnosed with a LogMAR BCDVA \> 1.0 but reported that a long time (\> 6 months) had elapsed since he or she began experiencing blurred vision, then the interval time was excluded.

Subjective satisfaction score {#Sec7}
-----------------------------

All patients reported the degree of subjective satisfaction regarding the outcomes of the PTKs out of 10 points at the final follow-up. A close caregiver finished scoring for I2. The grading criteria were as follows: 2 points for short-term visual outcome, 2 points for symptomatic improvement, 2 points for improvement of life quality, 2 points for long-term results, and 2 points for acceptability of the recurrence rate. These scores were added to obtain each patient's total subjective satisfaction score (SSS).

Statistical analysis {#Sec8}
--------------------

The numbers of PTKs and mean time to recurrence were calculated. Short-term postoperative BCDVA after the first PTK for every eye was compared with preoperative BCDVA by linear mixed model to eliminate the impact of binocular inclusion. The same statistical process was applied to the comparison between short-term postoperative and preoperative BCDVA of the second PTK, as well as the third PTK. Statistical significance was defined as a *p*-value \< 0.05. Mean values of long-term BCDVA and corneal thickness, as well as SSS, were calculated. SPSS software 22.0 (IBM Corp.; Armonk, NY, USA) was used to calculate mean values and to perform paired-samples t-tests.

Results {#Sec9}
=======

Baseline clinical and genetic results {#Sec10}
-------------------------------------

Demographic information, manifestation, and treatment history of all patients at baseline are presented in Table [2](#Tab2){ref-type="table"}. At baseline, all 10 eyes had significant diffuse corneal opacities, uncorrected visual acuity \> 1.0, and BCDVA that could not be corrected (all descriptions of visual acuity are presented as LogMAR). Corneal topography findings at baseline exhibited low reliability. Table 2Basic information of the five subjects at the start of follow-upNumberSexAgeEyeHistory of surgical treatmentBaseline BCVA (LogMAR)Preoperative signsI2F70ODPKP once1.30All 10 eyes showed diffuse and geographic-like opacities at the level of the Bowman layer and superficial stroma under the slit lamp.OSPKP once1.30II1F48OD--1.00OS--1.00II3F46OD--1.30OS--1.00II5M41OD--1.30OS--1.00III1M25OD--1.00OS--1.00I2, II1, II3, II5, and III1 are serial numbers in the family tree shown in Fig. [1](#Fig1){ref-type="fig"}. *BCVA* = best-corrected visual acuity, *F* = female, *M* = male, *PKP* = penetrating keratoplasty. -- denotes no history of surgical treatment

The gene test results revealed the presence of a heterozygous R124L mutation (chr5:135382096, c.371G \> T, ACGGACC**G**CACGGAG/ACGGACC**T**CACGGAG) in the *TGFBI* gene. Figure [3](#Fig3){ref-type="fig"} showed patients' diagrams of mutant peaks of TGFBI gene. Fig. 3Diagrams of mutant peaks of TGFBI genes of patient II1 and III1. Peaks of c.371G \> T mutation of patient II1 (left) and III1 (right) in Sanger sequencing was shown in this picture

Length of follow-up {#Sec11}
-------------------

The five patients (10 eyes) were followed up for 19.60 ± 1.78 years (range, 16--21 years).

Amount of PTKs and TEVAM {#Sec12}
------------------------

During the follow-up period (19.60 ± 1.78 years), PTK treatments were conducted twice for three eyes, three times for six eyes, and four times for one eye. In total, 28 PTKs were performed in these five patients. For eight eyes of four patients with no history of PKP before follow-up, the average TEVAM after each PTK was 3.60 ± 1.12 years (*n* = 15). The patient with a history of PKP underwent retreatment with PTK 6 and 7 years after the first PTK for the right and left eyes, respectively.

Visual and corneal outcomes in the short term {#Sec13}
---------------------------------------------

Following 28 PTKs during the 20 years of follow-up, postoperative BCDVA improved by three lines or more within 3 months after each PTK. There was a significant difference between the mean postoperative BCDVA and the mean preoperative BCDVA (0.41 ± 0.13 vs 1.20 ± 0.14 LogMAR) for all PTKs (*n* = 28). For the first PTKs (*n* = 10), the second PTKs (n = 10), the third PTKs (*n* = 7), and the fourth PTK (n = 1), the visual outcomes are presented in Table [3](#Tab3){ref-type="table"}. Slit-lamp observation demonstrated reduced opacities and a transparent central zone of the cornea after each PTK within 3 months. Notably, OCT was used for estimation of opacities beginning in the 14th year of follow-up; it showed significant postoperative improvement of corneal transparency (Fig. [4](#Fig4){ref-type="fig"}). Table 3Best corrected distance visual acuity (BCDVA) before and after every phototherapeutic keratectomyNumber of PTKPreoperative BCDVA (mean value)Postoperative BCDVA (mean value)Sample size(n)Estimate of mean differenceStandard error*P* value (linear mixed model)1st1.12 ± 0.150.36 ± 0.0710−0.7580.043\< 0.0012nd1.24 ± 0.130.44 ± 0.1510−0.7980.052\< 0.0013rd1.26 ± 0.110.37 ± 0.087−0.8830.056\< 0.0014th1.300.401------ Fig. 4Postoperative optical coherence tomography (OCT). OCT manifestations in the left eye of patient II1 before (top) and 1 day after (bottom) the 3rd phototherapeutic keratectomy (PTK)

Long-term visual, corneal, and complicative outcomes {#Sec14}
----------------------------------------------------

During the follow-up, the final visits of three eyes (three patients) were excluded from the study in the 16th, 19th, and 20th year of follow-up for other surgical treatments, as shown in Table [4](#Tab4){ref-type="table"}. The other five eyes of four patients without PKP history were included in the final follow-up, which took place 3.80 ± 1.10 years after the last PTK. The final follow-up of patient I2 (two eyes), who had history of penetrating keratoplasty (PKP) on both eyes, was conducted in the form of a household survey interview 8 years after the last PTKs due to her Alzheimer's disease. The visual outcomes of 10 eyes after the last PTKs and at the final visit are presented in Table [4](#Tab4){ref-type="table"}. The household interview of patient I2 showed that she had uncorrected DVA on both eyes of approximately 0.70 (8 years after the last PTKs). The average minimum thickness of the corneas after the last PTKs was 371 ± 56.47 μm after excluding results with low reliability. At the last visit, the average minimum thickness of the cornea was 358.40 ± 101.11 μm. Two eyes ended follow up ahead of time because they received PTK combined with epi-aphakia, which was a new kind of surgery using PTK combing fresh allogeneic corneal stromal lenticule from SMILE to improve patient's corneal thickness and visual quality while remove of opacities. And the other eye quitted for personal choice of PKP treatment, when repeated PTK and PKP were both alternative treatments at that time. Intraoperative and postoperative complications such as hemorrhage, infection, or corneal ectasia were not observed for any PTK treatment during follow-up. At the end of follow-up, the average SSS was 8.60 ± 0.89. Table 4Follow-up results for the five subjectsNumberEyeNumber of PTK treatmentsDuration of follow-up (years)3 months after the last PTKFinal follow-up in 2017BCVA (LogMAR)Thinnest thickness of the cornea (μm)BCVA (LogMAR)Thinnest thickness of the cornea (μm)Subjective scoringRemarksI2OD2200.70△\*\*8N1OS2200.52△\*\*N1II1OD4210.30△Hand movement28410Y1OS3210.403930.70370Y2II3OD3160.30380\*\*8N2OS3210.302910.11242Y3II5OD3200.40△\*\*9N3OS3210.30△0.52395Y4III1OD2190.30△\*\*8N4OS3170.404220.52501Y5Average--2.80 ± 0.63200.39 ± 0.12371.50 ± 56.47--358.40 ± 101.118.60 ± 0.89--*BCVA* = best-corrected visual acuity, *PKP* = penetrating keratoplasty, *PTK* = phototherapeutic keratectomy△: Corneal topography results had low reliability. \*: Data not available (reasons are represented by N1--4). N1: This follow-up was performed at the patient's home because of difficulty in mobility. N2--4: These three eyes were not included in the final follow-up because PKP, PTK combined with epi-aphakia, and PTK combined with epi-aphakia were performed in each eye in the 16th (N2), 20th (N3), and 19th (N4) year of follow-up, respectively. Y1--5: the time points of the final follow-up were 5, 3, 3, 3, and 5 years after the last PTK, respectively

Discussion {#Sec15}
==========

The genetic test results in the present study revealed that patients harbored the R124L mutation of TGFBI gene, which is associated with a diagnosis of RBCD \[[@CR1]\]. TGFBI gene was first mapped to chromosome 5q31 by Munier et al. \[[@CR22]\], and mutation of TGFBI was related with corneal dystrophies. In IC3D, R124L (c371 G \> T) mutation of TGFBI gene was indicated as specific to RBDC \[[@CR1]\]. And it was illustrated in IC3D edition2: "Regarding mutations of TGFBI, a phenotype typical enough to be clinically recognizable is generally limited to TBCD, RBCD, GCD1, GCD2, and classic LCD. When any of these classic mutations is documented, corresponding terminology should be used without exception, despite any possible individual variation in phenotype." And on OMIM, the 5 types of mutation of TGFBI gene were also precisely stated that they could cause specific phenotypes of corneal dystrophies respectively: "In addition, the corneal phenotypes caused by changes at R124 and R555 were amino acid specific: R124C in CDL1, R555W and arg124 to ser (R124S; 601692.0008) in CDGG1, R124H in CDA, R124L in CDRB, and R555Q in CDTB." These summaries helped classification diagnosis based on genetic information.

RBCD caused by R124L mutation is characterized with opacities developed at the level of Bowman layer and superficial stroma, and in some cases opacities extend to the deeper stroma. \[[@CR1]\] Corneal dystrophies in epithelium, basal membrane, Bowman's layer or superficial stromal are indications for PTK \[[@CR23]\]. Corneal dystrophies caused by mutation of TGFBI gene was common in superficial cornea, making PTK an appropriate surgical treatment. Patients with R124L mutation of TGFBI experience a high rate of recurrence postoperatively \[[@CR24]\]. Repeated PTK treatments appear to be a feasible option for treating recurrent opacities because PTK is minimally invasive and does not require corneal allografts. Although primary PTK for CD improves BCDVA, the efficacy and long-term safety of multiple PTK treatments must be investigated.

Significant improvement in postoperative BCDVA was observed following the multiple PTK procedures performed on patients in this study. Remarkable improvement of postoperative BCDVA was observed after the first PTKs for all eyes (*n* = 10), as well as the second (n = 10) and the third (*n* = 7) PTKs (Table [3](#Tab3){ref-type="table"}). Moreover, PTK was performed four times on one eye; postoperative BCDVA increased significantly after the last operation compared with the preoperative BCDVA. Patients showed satisfaction, as measured by a 10-point system, at the final visit. This indicates that multiple repeated PTK treatments are feasible in patients with R124L mutation and have stable satisfactory outcomes. According to a previous report, patients with mutations in the *TGFBI* gene who had BCDVA improvements of 3.1 lines after PTK did not include those with an R124L mutation \[[@CR9], [@CR15]\]. BCDVA was increased by 0.19 ± 0.24 (LogMAR) after PTK in patients with granular CD in another study \[[@CR13]\]. A previous study reported that patients with Thiel-Behnke CD diagnosed based on genetic screening had an increase of two lines in postoperative BCDVA compared with preoperative BCDVA \[[@CR11]\]. Our study confirmed that PTK is also effective in patients harboring the R124L mutation and further estimated the validity of multiple repeated implements. Notably, the proband of the family (I2) in this study had a history of PKP before follow-up, and each eye of this patient underwent PTK twice during the follow-up period. Improvement in BCDVA was also detected after she underwent PTK. Consistent with previous reports \[[@CR18]\], our observations in patient I2 (Fig. [1](#Fig1){ref-type="fig"}) suggest that PTK is useful for the treatment of opacities redeveloped after PKP. However, whether and how PKP history influences the efficacy of PTK in patients with CD need to be investigated in future studies.

A previous study on repeated PTK completed 4 years of follow-up \[[@CR25]\], and another long-term observational study achieved a similar follow-up period \[[@CR26]\]. In our study, the average and maximum follow-up durations for the subjects were 20 and 21 years, respectively. To the best of our knowledge, this study is the first to report such long follow-up durations for patients with CD. Furthermore, three eyes separately underwent PKP, PTK combined with epi-aphakia, and PTK combined with epi-aphakia in the 16th, 19th, and 20th year of follow-up, respectively (Table [4](#Tab4){ref-type="table"}). PTK combined with epi-aphakia was a new kind of surgery using PTK combined with a fresh allogeneic corneal stromal lenticule from SMILE to improve patient's corneal thickness and visual quality in addition to removement of opacities \[[@CR27]\]. Which indicates new surgeries combing PTK might bring new advantages while PTK's performance in ablation of opacities keep stable. And one eye quitted for personal choice of PKP treatment, when repeated PTK and PKP were both alternative treatments at that time. This indicates that not all patients can completely avoid keratoplasty by multiple PTK treatments. However, our results are consistent with those of a previous study that concluded that PTK had no impact on subsequent PKP treatment \[[@CR26]\]; thus, we believe that PTK can harmlessly delay PKP by more than 15 years.

According to previous studies \[[@CR10], [@CR23]\], PTK might be accompanied by the risk of delayed corneal epithelial healing or haze. This led us to consider that multiple PTK treatments may pose a higher risk for the abovementioned effects. However, in this study, no complications such as infection, hemorrhage, or corneal ectasia were observed during the follow-up period. Further, BCDVA did not decrease after any treatment, and the thinnest corneal thickness was 371.50 ± 56.47 μm after three PTKs; therefore, we believe that repeated PTKs can be performed safely.

In patients with no history of PKP before follow-up (8 eyes), the average TEVAM after each PTK was 3.60 ± 1.12 years. A previous study reported that 23% of patients with RBCD had significantly redeveloped opacities in the cornea 21.6 months after PTK \[[@CR6]\]. Another study focused on patients with different types of CD and showed that redevelopment of opacities after PTK was observed 17.6 months postoperatively \[[@CR15]\]. These results slightly differ from those of our study, which may be due to differing genetic bases. However, various definitions of recurrence in the literature should be considered as a factor. Whether different gene types influence the time for which corneas maintain transparency after PTK must be further investigated. The patient (I2) who had PKP history before the start of follow-up underwent a second PTK in both eyes 6 and 7 years after the first PTK, respectively. According to previous studies, the recurrence rate of granular corneal dystrophies 10 years after PKP was 43% \[[@CR8]\]. Another study reported that mild recurrence was observed at a mean of 32 and 47 months after PTK, and significant recurrence was observed at a mean of 36 and 50 months, after PTK over a previous full-thickness graft \[[@CR16]\], which is similar to the outcome of our study. Our results reveal that the recurrence of opacities is inevitable after PTK for corneal grafts. However, future cohort studies are needed to confirm whether there is a significant difference in the time for recurrence between patients with and without history of PKP.

This study analyzed 20-year records of PTKs repeatedly performed for CD patients with the R124L mutation in the *TGFBI* gene in order to illustrate the efficacy and safety of multiple PTKs on a single cornea. However, the sample size was small and the 20-year data were not integrated. After uncovering of association between different mutations of TGFBI gene with significant phenotypes of corneal dystrophies, it is feasible to explore the outcome of PTK treating corneal dystrophies with different TGFBI gene types. A cohort study with a large sample size in the future is necessary for more accurate evaluation of multiple PTKs over an extended period of time, certainty based on more comprehensive genetic diagnosis and more accurate clinical estimations. In large-sample cohort studies, factors like region, environment and history of PKP are worth comparison.

Conclusion {#Sec16}
==========

In conclusion, multiple repeated PTKs had long-term efficacy and safety in treating CD patients with an R124L mutation in *TGFBI*, with or without history of PKP.
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